Contributions of fast (femtosecond) dynamic motion to barrier crossing at enzyme catalytic sites is in dispute. Human purine nucleoside phosphorylase (PNP) forms a ribocation-like transition state in the phosphorolysis of purine nucleosides and fast protein motions have been proposed to participate in barrier crossing. In the present study, 13 C−, 15 N−, 2 H−labeled human PNP (heavy PNP) was expressed, purified to homogeneity, and shown to exhibit a 9.9% increase in molecular mass relative to its unlabeled counterpart (light PNP). Kinetic isotope effects and steady-state kinetic parameters were indistinguishable for both enzymes, indicating that transition-state structure, equilibrium binding steps, and the rate of product release were not affected by increased protein mass. Single-turnover rate constants were slowed for heavy PNP, demonstrating reduced probability of chemical barrier crossing from enzyme-bound substrates to enzyme-bound products. In a second, independent method to probe barrier crossing, heavy PNP exhibited decreased forward commitment factors, also revealing mass-dependent decreased probability for barrier crossing. Increased atomic mass in human PNP alters bond vibrational modes on the femtosecond time scale and reduces on-enzyme chemical barrier crossing. This study demonstrates coupling of enzymatic bond vibrations on the femtosecond time scale to barrier crossing. femtosecond motions | kinetic isotope effect | transition state structure | enzymatic catalysis | protein dynamics
D
ynamic motions in enzyme catalysis are composed of time scales ranging from milliseconds for protein conformational changes to femtoseconds for single bond vibrations. While the overall catalytic turnover rates for enzymes are commonly in the millisecond time scale, the lifetimes of enzymatic transitionstate structures exist on the femtosecond time scale (1, 2) . The role of protein dynamics has been brought into question with the suggestion that electrostatic preorganization is the sole force responsible for the catalytic prowess of enzymes (3) . However, the idea that dynamics is involved in enzymatic catalysis is more widely accepted and is supported by theoretical and experimental work (4) (5) (6) . The temporal similarity of catalysis and slow conformational changes has led to proposals that chemistry (crossing the transition-state barrier) is linked to millisecond motions of proteins (1, 7) . Conversely, theoretical analyses have pointed to femtosecond promoting vibrations leading to chemical barrier crossing (8) (9) (10) . Femtosecond time scale motions are challenging to probe by experimental approaches for enzyme reactions in solution. Here we report an approach to this problem by isotopic substitution of the enzyme.
Increased atomic mass to alter bond vibration frequencies is well established in chemistry, as isotope effects have long been employed to probe mechanism and transition-state geometry of reactions (11) . Replacement of 12 C, 14 N, and nonexchangeable 1 H in amino acid residues of an enzyme by 13 C, 15 N, and 2 H, respectively, slows the femtosecond vibrational modes of these atoms, keeping electrostatic properties unaltered, according to the Born-Oppenheimer approximation (12, 13) .
Purine nucleoside phosphorylase (PNP)* (EC 2.4.2.1) catalyzes the reversible phosphorolysis of 6-oxypurine (2′-deoxy)-β-D-ribonucleosides to yield (2-deoxy)-α-D-ribose 1-phosphate and the purine base (14) . Kinetic isotope effects (KIEs) and density functional theory calculations on the reaction catalyzed by human PNP support a fully dissociated transition-state structure, with formation of a ribocation (15) (Fig. 1) . Experimental studies of this reaction have correlated protein dynamics with catalysis and computational studies support femtosecond time scale motions associated with transition-state formation (10, (16) (17) (18) (19) (20) (21) .
In the present study, human PNP labeled with 13 C, 15 N, and nonexchangeable 2 H (heavy PNP) was expressed and purified to homogeneity. Mass spectrometry confirmed the overall increase in mass of heavy PNP compared to natural isotope abundance enzyme (light PNP). The effect of altered femtosecond bond vibration frequencies in the enzyme on different portions of the catalytic cycle was investigated by steady-state kinetics, KIEs, forward commitment analysis, and pre-steady-state kinetics under single-turnover conditions. The results indicate that femtosecond motions are linked to chemical barrier crossing (9) , a hypothesis we refer to as femtosecond dynamic coupling.
Results
Expression and Purification of Light and Heavy PNP. Unlabeled and 13 C−, 15 N−, 2 H−-labeled human PNPs were expressed and purified to homogeneity (Fig. S1 ). Matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analyses determined subunit masses of 32,161 Da and 35,350 Da for light and heavy PNP, respectively, confirming a 9.9% increase in mass (Fig. S2) . Isotopic substitution in the enzyme is limited to nonexchangeable positions because solvent-exchangeable 2 H are replaced by 1 H during postexpression enzyme purification and storage in buffered normal water.
Steady-State Kinetics. Light PNP and heavy PNP showed HenriMichaelis-Menten kinetics with inosine ( Fig. 2) or guanosine (Fig. 2, inset) as substrates in phosphorolysis reactions. Steadystate kinetic parameters (k cat and K M ) with inosine and guanosine were the same for light and heavy PNPs (Table 1) .
Isotope Effects and Forward Commitments. Competitive KIEs for the arsenolysis of inosine were measured with heavy and light PNPs ( Table 2 ). The use of arsenate instead of phosphate renders the overall reaction irreversible, decreases its kinetic complexity, and simplifies isotope effect analysis (22) . Isotope effects on V ∕K were found to be identical, within experimental error, for light and heavy PNPs. Intrinsic isotope effects were obtained upon correction for forward commitment factors (C f ) using Eq. 1, To whom correspondence should be addressed. E-mail: vern.schramm@einstein.yu.edu. where L V ∕K is the observed isotope effect on V ∕K and L k is the intrinsic isotope effect (23) .
Intrinsic isotope effects ( (25) , are 0.163 AE 0.010 and 0.139 AE 0.009 for light and heavy PNPs, respectively, in the presence of arsenate to reduce reverse commitment. This change represents a 15% decrease in C f for heavy PNP. Values of C f were also estimated for the arsenolysis of guanosine, yielding 0.173 AE 0.013 and 0.122 AE 0.015 for light and heavy PNP respectively, a difference of 30% ( Table 1 ). The C f values represent the probability of barrier crossing relative to diffusional release of reactants, and indicate reduced barrier crossing efficiency in heavy PNP (see Discussion).
Single-Turnover Rate Constants. Single-turnover rate constants were measured for light and heavy PNPs in phosphorolysis reactions with inosine ( Fig. 3) and guanosine ( Fig. 3, inset) . Data fitting to a single exponential equation yielded values for observed single-turnover rate constants (k obs ) with inosine of 69 AE 3 s −1 and 55 AE 2 s −1 for light and heavy PNPs, respectively, representing a 20% difference. Guanosine as substrate resulted in a k obs difference of 27%, as values of 26 AE 1 s −1 and 19 AE 1 s −1 were obtained, respectively, for light and heavy PNPs (Table 1) .
Discussion
The increase in subunit mass of human PNP had no effect on steady-state kinetics of the enzyme, because both light and heavy PNPs followed Henri-Michaelis-Menten kinetics with superimposable saturation curves (Fig. 2) . The values of K M for inosine and guanosine were unchanged with the heavy enzyme. As the K M value for PNP is dominated by substrate binding and release rates, the protein conformational changes involved in substrate binding and release are unaffected by altered protein mass. In the PNP reaction, k cat , the steady-state turnover number has been shown to be dominated by the rate of nucleobase release and not by the rate of the chemical step (21, 22, 26) . Therefore, product release is unchanged by isotopic labeling of the PNP protein because k cat values are the same for both light and heavy enzymes. These observations indicate that femtosecond, mass-dependent dynamic events do not influence the steady-state kinetic parameters of the PNP reaction. Substrate binding and product release are linked to slow (nanosecond to millisecond) conformational changes (21) and these are apparently not influenced by mass-dependent femtosecond bond vibrational changes.
The ribocation-like transition state formed by human PNP (15) (Fig. 1) is reported to possess a lifetime of 10 femtoseconds (9, 10), a time scale similar to the bond vibrations that are altered by isotopic labeling of atomic nuclei (11) . Intrinsic KIEs for labeled inosines as substrates for PNP reflect differences in bond vibrational environment between substrates in solution and at the transition state (24) . Accordingly, KIE analysis has been used to probe transition-state structures of PNP as well as several related enzyme-catalyzed reactions (6, (27) (28) (29) (30) . The intrinsic KIEs of heavy and light PNP are indistinguishable within experimental error ( Table 1 ), indicating that altered femtosecond protein dynamic motions do not change the geometry of the PNP transition state. Even though substrate binding and product release is unchanged in heavy PNP, the probability of chemical barrier crossing for the Michaelis complexes is decreased in both forward commitment and single-turnover experiments. Forward commitment, C f , is the probability of a substrate in the Michaelis complex to pass the chemical barrier relative to its probability of dissociation to free substrate (31) . The lowered C f for inosine and guanosine with heavy PNP reflects a decrease in the probability of on-enzyme barrier crossing. This analysis is also supported by the 20% and 27% decreases in single-turnover rate constants, k chem , for inosine and guanosine, respectively, with heavy PNP. These decreases correlate well with the respective 15% and 30% reductions in C f for these substrates with heavy PNP. The k chem values with guanosine were measured under subsaturating conditions and thus may contain a contribution from substrate binding (32); however, because guanosine K M is the same for both enzymes, binding contributions should be unaltered, and the difference in k obs reflects differences on steps after formation of the respective Michaelis complexes.
We attribute the heavy PNP effects to altered bond excursions in the enzyme-reactants complex (Michaelis complex) leading to altered probability of chemical transition-state barrier crossing (PNP: P i : nucleoside ↔ PNP: R1P: nucleobase). The probability of barrier crossing is decreased with the heavy enzyme as indicated by the mass-altered vibrational modes of the amino acids contributing to chemistry (Fig. 4) . The probability of the sum of the femtosecond dynamic motions in finding paths over the transition-state barrier is related to the probability with which all favorable enzyme-reactant interactions (green arrows in Fig. 4) are simultaneously optimized. Because of increased protein mass, the frequency of finding these barrier-crossing paths is decreased, slowing the rate as a function of mass.
By isotopic substitution, we increased the mass of PNP by 9.9% and altered the bond vibrational frequency without affecting electrostatic properties, according to the Born-Oppenheimer approximation (12) . Isotopic substitution with 13 C, 15 N, and nonexchangeable 2 H reduces the probability of chemical barrier crossing. Steady-state kinetic parameters related to binding and dissociation of substrates and release of the last product, and KIE values related to transition-state structure and geometry are unaffected. As isotopic labeling of PNP decreases the femtosecond vibrational frequencies of bonds involving atoms with increased mass, an interpretation of the data is that femtosecond motions of the enzyme are probabilistically linked to Michaelis complex excursions leading to barrier crossing, here dubbed femtosecond dynamic coupling. Enzyme motions on the femtosecond time scale are responsible for a probabilistic sampling of the Michaelis complex in search of the conformations that will lead to barrier crossing (8) (9) (10) . Millisecond protein motions are not coupled to barrier crossing (33) . The increase in PNP mass lowers the number of local dynamic conformations the enzyme can sample in a given time, consequently reducing the chance of finding the collective sum of optimized enzyme-reactant contacts to promote barrier crossing. Fast dynamic motions in proteins are an inevitable consequence of bond vibrational modes, and these motions have been experimentally observed in stable complexes of formate dehydrogenase with azide as a transition-state analogue (34, 35) . However, a literature search revealed no other reports of mass-altered chemical efficiency in enzyme-catalyzed reactions.
Materials and Methods
Materials. D-½1-3 HRibose, D-½1- 14 Cribose, D-½6-3 H 2 glucose, D-½6- 14 Cglucose, and D-½5-3 Hglucose were purchased from American Radiolabeled Chemicals, Inc. Deuterium oxide (99.9%), ½U-13 C 6 ;1;2;3;4;5;6;6-2 H 7 glucose, and [ 15 N] ammonium chloride were from Cambridge Isotope Laboratories, Inc. Pyruvate kinase, myokinase, hexokinase, glucose-6-phosphate dehydrogenase, glutamic acid dehydrogenase, 6-phosphogluconic acid dehydrogenase, adenosine deaminase, and phosphoriboisomerase were from Sigma-Aldrich. Alkaline phosphatase was from Roche. Ribokinase and phosphoribosyl-α-1-pyrophosphate synthetase were prepared as previously described (36, 37) . Hypoxanthine-guanine phophoribosyltransferase was a kind gift from Keith Hazleton of this laboratory. All other chemicals and reagents were obtained from commercially available sources and were used without further purification.
Expression and Purification of Human PNP. Light PNP was expressed in Escherichia coli BL21(DE3) cells harboring a pCR-T7/CT-TOPO vector (Invitrogen) The remote 5 0 -14 C KIE is assumed to be unity. containing the codifying sequence for human PNP, as previously described (38) . Heavy PNP was expressed in E. coli BL21(DE3) pLysS (Invitrogen) cells, containing the same construct. Cells were grown in M63 minimum medium supplemented with ½U-13 C 6 ;1;2;3;4;5;6;6-2 H 7 glucose and [ 15 N]ammonium chloride, containing 100 mg mL −1 ampicillin, at 37°C. All solutions for M63 preparation and supplementation were prepared in D 2 O. After an OD 600 ¼ 1.0 was reached, protein expression was induced by addition of 1 mM isopropyl-1-thio-β-D-galactopyranoside. Cells were allowed to grow for additional 24 h and harvested by centrifugation at 20;800 × g for 30 min. Both light and heavy PNPs were purified as previously published (39) using an AKTA FPLC system (GE) at 4°C. Protein concentration was determined spectrophotometricaly at 280 nm using the theoretical extinction coefficient of 30;160 M −1 cm −1 (http://expasy.org). Subunit molecular mass was determined by MALDI-TOF-MS.
Synthesis and Purification of Radiolabeled Inosines
0 -14 C;9-15 N-, and ½1 0 -14 Cinosine were prepared as reported (40) . ½2 0 -3 H Inosine was prepared as described (41) .
Measurement of Competitive Isotope Effects. KIEs on V∕K were measured for inosine arsenolysis by the competitive radiolabel method (37) at 25°C. A typical reaction mixture contained in a 1-mL final volume 50 mM NaH 2 AsO 4 (pH 7.5), 16 nM heavy or light HsPNP, 50 mM Tris-HCl (pH 7.5), and 250 μM inosine ( 3 H-labeled, 14 C-labeled, and cold carrier). Reactions were allowed to proceed to 25-35% completion as determined for a nonradioactive replicate reaction by hypoxanthine:inosine ratios measured by reversedphase HPLC. From each reaction mixture, 300 μL were loaded onto each of three charcoal columns (150 mg Carbograph Extract-Clean columns, W. R. Grace & Co.). The remainder of each reaction mixture was completely converted to products by addition of 10 μM of light HsPNP. After complete reaction, 40 μL were loaded onto each of two charcoal columns. Ribose was eluted into scintillation vials by washing with 3 mL of 10 mM ribose in 10% ethanol. After removal of solvent by vacuum centrifugation, samples were dissolved in 200 μL of H 2 O, mixed with 10 mL of scintillation fluid (PerkinElmer), and counted for radioactivity in a Tricarb 2910 TR scintillation counter (PerkinElmer). A sample with only [ 14 C]inosine was also counted as a standard. Samples were counted in dual-channel fashion, with the 3 H signal appearing only in channel 1, and the 14 C signal, in both channels. The total 3 H signal was assessed by Eq. 2, and the total 14 C signal, by Eq. 3, in which 3 H is the total number of cpm for this isotope, 14 C is the total number of cpm for this isotope, channel 1 and channel 2 are the number of cpm in each channel, and r is the channel 1 to channel 2 ratio of 14 C standard (37) .
Experimental KIEs were calculated and extrapolated to 0% reaction using Eq. 4, where R f and R 0 are the ratios of heavy to light isotopes at partial and complete conversions, respectively, and f is the fraction of substrate conversion.
Determination of Forward Commitment Factor. The forward commitments (C f ) for inosine and guanosine in the arsenolysis catalyzed by light and heavy PNPs were measured by the isotope-trapping method (25) . Pulse incubation mixtures with inosine (20 μL) containing 20 μM light or heavy PNPs, 40 μM ½1 0 -14 Cinosine, and 50 mM Tris-HCl, pH 7.5, at 25°C, were chased with a solution (480 μL) consisting of 2 mM inosine, 50 mM Tris-HCl, pH 7.5, and 50 mM NaH 2 AsO 4 . Pulse incubation mixtures with guanosine (20 μL) containing 25 μM light or heavy PNPs, 60 μM ½1 0 -14 Cguanosine, and 50 mM Tris-HCl, pH 7.5, at 25°C, were chased with a solution (480 μL) consisting of 2 mM guanosine, 50 mM Tris-HCl, pH 7.5, and 50 mM NaH 2 AsO 4 . After 5 s, the reactions were quenched with 50 μL of 1 N HCl, and chromatographed in charcoal columns (1 g Carbograph Extract-Clean columns, W. R. Grace & Co.) and prepared for scintillation counting as described above for KIE measurements.
Values obtained in the absence of arsenate were used as controls to correct the others. C f was calculated according to Eq. 5, where Y is the ratio of moles of ribose to moles of enzyme-substrate complex. The concentration of enzyme-substrate complex was calculated with Eq. 6, in which ES is the concentration of the enzyme-substrate complex, E is the total concentration of enzyme in the pulse, S is the total concentration of either inosine or guanosine in the pulse, and K M is the Michaelis constant for either inosine or guanosine.
ES ¼ ðE × SÞ∕ðS þ K M Þ: [6] Saturation Curves Under Steady-State Conditions. Apparent steady-state parameters were determined by measuring initial rates as a function of either guanosine or inosine concentration at 25°C. The decrease in ffiffi k μ q where ν, k and μ are frequency, force constant and reduced mass, respectively. Likewise, the vibrational energy levels, E ¼ ðn þ 1 2 Þhν, where E, n and h are energy, quantum number and Planck's constant, respectively, are lowered by increased protein mass. The shorter arrows shown for heavy PNP illustrate the altered vibrational property. Green arrows promote barrier crossing and red arrows are orthogonal to the reaction coordinate. Heavy PNP has a reduced probability of reaching (and crossing) the transition state. The change is manifested in the experimentally observed decrease in rate of on-enzyme chemistry for heavy PNP. The diagram is modified from (45) and the amino acid contacts are from (46) .
